The discovery of the postperovskite (PPv) transition has profound impact on our understanding of the core-mantle boundary (CMB) region. Unlike perovskite (Pv), the PPv phase has a layered structure of the SiO 6 octahedra, which may lead to a large contrast in some properties with Pv. Recent studies have proposed unusual properties of PPv, such as a large positive Clapeyron slope, a large sensitivity of the transition depth to iron, a decrease in bulk sound speed at the transition, and a development of significant lattice preferred orientation. Many of the proposed properties can provide explanations for the intriguing seismic observations at the CMB region. Yet significant discrepancies still exist. However, rapid developments in mineral physics will continue to improve our knowledge on the changes across the PPv transition. 
INTRODUCTION
Earth's core-mantle boundary (CMB) has often been compared with the interface between the atmosphere and lithosphere ( Jeanloz & Williams 1998) because of the large contrast in the chemical compositions and physical properties between the mantle (silicates and oxides) and the core (iron-nickel alloy). Some evidence exists that the core and mantle materials may interact with each other physically and/or chemically (e.g., Knittle & Jeanloz 1991 , Buffett et al. 2000 , Takafuji et al. 2005 . In addition, because of the heat flux out of the core, a thermal boundary layer exists at the mantle side of the CMB. Therefore, the CMB has been regarded as a dynamically important region: For example, some studies proposed the CMB as the source region of hot spots (Morgan 1971 ) and the graveyard of subducting slabs (Van der Voo et al. 1999) .
Indeed seismologists have observed many intriguing structures at the bottom 200-400 km of the lower mantle, the so-called D layer (for reviews, see Gurnis et al. 1998 , Garnero 2000 . For example, the existence of very thin layers (5-40 km) with velocity reductions of more than 10% have been reported at the base of the mantle (ultralow velocity zones) (Garnero & Helmberger 1995 , Revenaugh & Meyer 1997 . Shear waves travel with different speeds, depending on the polarization at some regions of the lowermost mantle (shear wave splitting) (Kendall & Silver 1996 , Matzel et al. 1996 , Garnero & Lay 1997 , Fouch et al. 2001 , Panning & Romanowicz 2004 . Velocity discontinuities have been documented at 150-250 km above the CMB (D discontinuity) (Lay & Helmberger 1983 , Sidorin et al. 1999 , Helmberger & Ni 2005 . The locations of the bulk sound speed and shear wave velocity anomalies are anticorrelated at the mid to lowermost mantle (Su & Dziewonski 1997 , Masters et al. 2000 , Trampert et al. 2004 ). Yet the origin of these features has not been well understood until recently.
In 2004, three groups of experimentalists independently reported that MgSiO 3 -Pv, the dominant lower-mantle phase, transforms into a new phase, named postperovskite (PPv), at pressure-temperature conditions similar to those at the depth of the D discontinuity , Oganov & Ono 2004 , Shim et al. 2004 . Quantum mechanical calculations immediately confirmed this phase transition (Iitaka et al. 2004 , Tsuchiya et al. 2004b ). Since then, many exciting predictions and measurements have been made about this phase. One of the most important questions has been whether the PPv phase is indeed responsible for the intriguing seismic observations and whether its properties can strongly influence the dynamics at the lowermost mantle (Wookey et al. 2005 ).
This article is not intended to give a thorough review on PPv as some review papers already exist (e.g., Shim 2005 , Hirose 2006 ). I intend to provide an introduction to this rapidly evolving field and outstanding problems for future studies.
EXPERIMENTAL TECHNIQUES
Extreme pressure-temperature conditions for the stability of the PPv phase (with pressure, P ≥ 100 GPa and temperature, T ≥ 2000 K) create many challenges A schematic diagram of the experimental setup for in situ X-ray diffraction measurements in the double-sided laser-heated diamond cell at third-generation synchrotron facilities.
in experimental mineral physics. The only technique capable of maintaining the pressure-temperature conditions for a sufficiently long time for various measurements is the laser-heated diamond-anvil cell (DAC) (Figure 1) . For measurements over 100 GPa, the size of the diamond culet is typically less than 150 μm, which limits the size of the sample to less than 70 μm.
Laser heating has been an important technique for reaching mantle temperatures (>2000 K) in the DAC , Boehler 2000 (Figure 1) . However, because of the small laser-beam cross section at the sample (typically <20-30 μm), large temperature gradients exist along both the radial and axial directions of the DAC during heating to high temperature. This is particularly severe for measurements without thermal insulation for the samples, as diamond has very high thermal conductivity. The large thermal gradients can introduce systematic uncertainties in the determination of phase boundaries and equations of state (Shim & Duffy 2000) .
In typical X-ray measurements, the samples are mixed with chemically inert metals, such as platinum or gold. These metals have known pressure-volume relations from which pressure can be calculated using measured volume. These metals also couple with infrared laser beams, such as Nd:YLF and Nd:YAG lasers, at high pressure and heat surrounding silicate and oxide samples.
In situ measurements for the tiny samples in the DAC over 100 GPa demand an extremely bright X-ray source with a tight focus (the typical volume of the sample is ∼5 × 10 −9 cm 3 and the mass is ∼10 −8 g). It is not surprising that the PPv transition was discovered after the construction of high-pressure beamlines at third-generation synchrotron facilities, which provide the brightest X-ray beam at the moment. The observations by Murakami et al. (2004) and Oganov & Ono (2004) were made at SPring-8 in Japan (Watanuki et al. 2001), and Shim et al. (2004) observed the transition at Advanced Photon Source in the United States . In addition to diffraction techniques, many X-ray spectroscopy techniques have recently become available for measurements in the DAC, and they have made significant contributions to the understanding of the properties of PPv. Researchers have begun to apply some laser spectroscopy techniques, such as Brillouin and Raman spectroscopies, for measurements of PPv (Murakami et al. 2007 ). These techniques provide useful constraints on the elastic and thermodynamic properties of PPv, respectively.
CRYSTAL STRUCTURE
The crystal structure of PPv has not been determined experimentally owing to the difficulty in synthesizing appropriate single crystals at its extreme pressure-temperature stability field. According to some X-ray diffraction studies , Shieh et al. 2006 , this phase may not be quenchable to ambient pressure. First-principles calculations are in good agreement with each other on the crystal structure of PPv (Iitaka et al. 2004 , Oganov & Ono 2004 , Tsuchiya et al. 2004b . As shown in Figure 2a ,b, the calculated diffraction pattern from the proposed crystal structure is in excellent agreement with the observed diffraction patterns of PPv. Least-squares fitting of the observed diffraction patterns, such as Rietveld refinement, has been attempted (Ono et al. 2006a) . It is important to note that through the Rietveld method, crystal structure can be refined for a given model. However, it is difficult to determine crystal structures from the diffraction patterns of powder samples (Young 1993 , Harris et al. 2001 .
Study of analogy materials with the stability field of the PPv phase provides opportunities to examine the proposed crystal structure. Mn 2 O 3 transforms to a PPv phase at 30-40 GPa and room temperature (Figure 2e) (Santillán et al. 2006) . The roomtemperature transition allows for high-quality diffraction intensity measurements by avoiding strong recrystallization during laser heating. NaMgF 3 -Pv undergoes a phase transition to PPv (Figure 2d ) at 13-30 GPa (Liu et al. 2005; Martin et al. 2006a,b) . MgGeO 3 -Pv transforms to PPv at 60 GPa (Figure 2c ) Kubo et al. 2006) . These studies have demonstrated that the proposed structure can fit the observed diffraction patterns well.
Pressure-induced phase transitions are often accompanied by an increase in the coordination number of cations, as best demonstrated by the postspinel transition (Mg 2 SiO 4 ringwoodite → MgSiO 3 Pv + MgO periclase) in which the coordination number of Si increases from 4 to 6. Figure 3 compares the crystal structures of Pv and PPv at 120 GPa using Oganov & Ono's (2004) first-principles results. According to the proposed structure, the coordination number of Si does not increase across the PPv transition (Figure 3c,d ). However, there is a profound change in the way the SiO 6 octahedra link with each other: In PPv they share edges along the a axis (Santillán et al. 2006) . The vertical bars indicate the main diffraction lines of PPv (red ), Pv (blue), the internal pressure calibrant (black), and the pressure-transmitting medium ( gray). The backgrounds were subtracted from the diffraction patterns. X-ray energy is 30 keV, except for in panel c and d, which were collected with 37 and 40 keV, respectively. and corners along the c axis, resulting in a layered structure, whereas they share only corners to form a three-dimensional network in Pv (Figure 3a,b) .
The edge-sharing SiO 6 octahedra have been found in stishovite (SiO 2 ) and akimotoite (an ilmenite-structured MgSiO 3 polymorph) at high pressures. Although edge sharing may provide more efficient packing than corner sharing, strongly charged Si 4+ ions in the adjacent edge-sharing octahedra are not as effectively shielded by O 2− ions as in the corner-sharing octahedra in Pv. In the proposed PPv structure, there exist two crystallographically distinct oxygen sites: an edge-sharing oxygen site (O2) and a corner-sharing oxygen site (O1). The proposed structure from firstprinciples calculations (Oganov & Ono 2004 ) and the refined structure of MgGeO 3 -PPv from diffraction measurements (A. Kubo, B. Kiefer, S.-H. Shim, G. Shen & V.B. Prakapenka, manuscript in review) indicate that the Si-O2-Si angle is larger than 90
• , and the Si-O2 bonds are longer than the Si-O1 bonds (in the case of MgGeO 3 , they are the Ge-O2-Ge angle, and Ge-O2 and Ge-O1 bonds, respectively) (Figure 3d ), both of which would improve the shielding between two adjacent Si 4+ (Ge 4+ in case of MgGeO 3 ) ions. Conversely, the enhanced cation-cation interaction between the edge-sharing octahedra may influence the physical properties of the mantle PPv phase with Fe and Al.
The coordination of Mg atoms is more complicated (Figure 3c,d ). In an ideal cubic Pv structure, large cations are coordinated by 12 anions in a dodecahedron. However, Mg atoms, which are smaller than the available size of the dodecahedral site in Pv, induce distortions in the corner-sharing SiO 6 octahedra network such that the coordination number reduces from 12 to 8 (Horiuchi et al. 1987) . As shown in Figure 3c , the Mg-O polyhedra in Pv can be described by a bipolar prism. The same configuration can be found in PPv but with less difference among the distances between Mg and O in the prism. Overall, the Mg-O polyhedra in PPv are less distorted than those in Pv according to the proposed structure.
CRYSTAL CHEMISTRY
In this section, I discuss the results that can be used for inferring the capacity of the PPv phase for geochemically important elements (i.e., solubility). The actual amounts of elements in mantle PPv is determined by their abundances in the bulk mantle and their partitioning among different mantle phases, MgSiO 3 -Pv, MgSiO 3 -PPv, ferropericlase (Fp), and CaSiO 3 -Pv. However, not many results exist for the element partitioning involving PPv at the moment. Results on Fe partitioning are discussed in Section 5.1.
The mantle is expected to contain approximately 10 wt% FeO. Mao et al. (2005) synthesized PPv from pyroxenes with various amounts of Fe and showed that up to 85 mol% Fe can be dissolved in the PPv phase, which is a very large amount compared with the previously inferred Fe solubility in Pv (Mao et al. 1997 , Andrault 2001 . The large capacity for Fe has interesting implications, because PPv in the lowermost mantle could be in direct contact with the outer core comprising liquid Fe-Ni alloy.
McCammon (1997) and Frost et al. (2004) proposed a significant amount of Fe   3+ for the lower mantle through a valence disproportionation: 2Fe 2+ (in silicate) → Fe 3+ (in silicate) + Fe (in metallic phase). They suggested that Al in Pv would further increase the amount of Fe 3+ to Fe 3+ / Fe = 0.6. Sinmyo et al. (2006) have proposed that the amount of Fe 3+ in PPv is similar to that in Pv from electron energy-loss near-edge structure spectroscopy of the sample recovered from the stable pressuretemperature conditions of PPv. Earth's mantle is expected to contain a few wt% of Al 2 O 3 (Ringwood 1975) . Tateno et al. (2005) have synthesized PPv with 25 mol% Al 2 O 3 .
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Similar to Pv (Navrotsky et al. 2003) , these trivalent cations may enter the PPv structure through two different substitutions: (a) charge-coupled substitution,
and (b) oxygen defect substitution,
where V O is an oxygen vacancy, and the superscripts before the elemental symbols are the coordination numbers of the crystallographic sites in the structures of Pv and PPv. First-principles calculations have shown that the charge-coupled substitution (Equation 1) is energetically more favorable for Fe 3+ and Al in PPv than the oxygen vacancy substitution (Equation 2) at pressure-temperature conditions of the lowermost mantle (Akber-Knutson et al. 2005; Zhang & Oganov 2006a,b) . This is in contrast with Mg-Pv, as it has been suggested that the oxygen vacancy substitution can still exist up to shallow lower-mantle conditions (30 GPa) for Al (Brodholt 2000) . This difference may be significant for the mantle, as Brodholt (2000) proposed that the oxygen vacancy substitution can decrease bulk modulus, at least in Pv (Zhang & Weidner 1999 , Daniel et al. 2001 .
The stability field of PPv has been found in some sesquioxides: Al 2 O 3 (P > 130 GPa) (Caracas & Cohen 2005b , Tsuchiya et al. 2005a ), Fe 2 O 3 (P > 60 GPa) , and Mn 2 O 3 (P > 30 GPa) (Santillán et al. 2006) . In Al 2 O 3 , PPv appears after the Rh 2 O 3 -II type phase (Ono et al. 2006b ), and some first-principles calculations suggest that the stability field of the Pv phase may be limited to very narrow pressure-temperature conditions between the stability fields of Rh 2 O 3 -II and PPv at high temperature. In Fe 2 O 3 , it is still unclear if the orthorhombic phase between the stability fields of hematite and PPv has a Pbnm-Pv-type or Rh 2 O 3 -II type structure (Rozenberg et al. 2002 . In Mn 2 O 3 , the PPv stability field appears after an α-Mn 2 O 3 phase, which also has a layered structure. Although these observations indicate that the sesquioxides do not follow the exact same sequence of phase transitions as silicates, the existence of the stability field for PPv may imply significant solubility of these trivalent cations in MgSiO 3 -PPv. Notably, Andrault & Bolfan-Casanova (2001) reported synthesis of the Pv phase with a composition of Mg 3 Fe 2 Si 3 O 12 over 60 GPa. However, the solubility of Fe 3+ has not been measured in the PPv phase. Tateno et al. (2005) reported a synthesis of pure Mg 3 Al 2 Si 3 O 12 -PPv, which supports the large solubility of Al in PPv.
A large number of compounds are known to have the Pv structure, which has been rationalized by the flexibility of the Pv lattice consisting of the corner sharing octahedra (Woodward 1997) . In fact, computer simulations (Corgne et al. 2003) have shown that silicate Pv has large storage capacity for trace elements. From the connectivity among the SiO 6 octahedra, it can be postulated that the PPv lattice is less flexible than the Pv lattice. However, the number of compounds with the stability field of the PPv phase is rapidly growing. Therefore, the PPv lattice might also be quite flexible. Further investigation is necessary as this information is particularly important for understanding the partitioning of geochemically important elements (such as tracers and radioactive elements).
THE POSTPEROVSKITE TRANSITION

Depth of the Transition
To confirm the existence of the PPv phase in the lowermost mantle, it is important to know if the pressure-temperature conditions for the PPv transition agree with those expected for the D discontinuity (250 ± 100 km above the CMB or 115-130 GPa and 2500 K) ). Yet it is important to realize that even the phases that do participate in the PPv transition (such as Fp and CaSiO 3 -Pv) can still influence the transition through element partitioning. However, the effect of element partitioning is poorly understood for the PPv transition and the existing measurements on multicomponent systems over 100 GPa suffer larger uncertainty. More results exist for simple systems, such as pure MgSiO 3 and binary systems (MgSiO 3 -FeSiO 3 , MgSiO 3 -Fe 2 O 3 , and MgSiO 3 -Al 2 O 3 ). The results on the binary systems also allow us to understand the response of the PPv transition to compositional heterogeneities.
Although they do not provide tight constraints, earlier measurements on pure MgSiO 3 , Oganov & Ono 2004 ) and a pyrolitic composition (Murakami et al. 2005) suggest that the boundary is located at a similar depth as the D discontinuity (Figure 4) . Furthermore, the first-principles estimations for the MgSiO 3 end member show reasonable agreement with the D discontinuity (Iitaka et al. 2004 , Oganov & Ono 2004 , Tsuchiya et al. 2004b .
A later study by provided more dense data coverage near the boundary and showed that the transition depth agrees with the D discontinuity Postperovskite phase boundary determined by the gold (red lines) (Hirose et al. 2006a) , MgO (black line) (Hirose et al. 2006a) , and platinum (blue lines) scales . The effects of different pressure scales are shown for gold [Au(S) (Shim et al. 2002) , Au(H) , and Au(T) (Tsuchiya 2003) ] and platinum [Pt( J) ( Jamieson et al. 1982) and Pt(H) (Holmes et al. 1989) ]. The MgO scale is by Speziale et al. (2001) . The gray shaded area represents the depth range at which seismology studies have documented the D discontinuity for pure MgSiO 3 and peridotitic systems. However, the authors used different pressure scales for these two systems, Holmes and colleagues' (1989) platinum scale for MgSiO 3 and Jamieson and colleagues ' (1982) gold scale for the peridotitic composition. The difference between these two scales can be as large as 10-20 GPa at pressures over 100 GPa, according to Akahama et al. (2002) and Dewaele et al. (2004) .
Measurements on Fe-bearing systems have suggested that the transition pressure decreases by as much as 10-15 GPa for 10 mol% Fe (Mao et al. 2004 , Shieh et al. 2006 . This was subsequently supported by first-principles calculations (Caracas & Cohen 2005a , Mao et al. 2005 , Stackhouse et al. 2006b ). Stackhouse et al. (2006b) also indicate that the width of the two-phase region would become as large as 200-300 km for 10 mol% Fe. However, seismologic studies have indicated that the thickness of the D discontinuity is smaller than 50-75 km . Hirose et al. (2006b) studied pure MgSiO 3 , (Mg 0.89 Fe 0.11 )SiO 3 , and pyrolitic compositions and reported that Fe had very little effect on the transition depth.
Although 10%-60% of Fe in (Mg,Fe)SiO 3 -PPv can be Fe 3+ (Sinmyo et al. 2006 ), the effect of Fe 3+ has not been well understood. According to , the PPv transition occurs at 60 GPa in pure Fe 2 O 3 , which is significantly lower than that in MgSiO 3 . Assuming a solid-solution relation between MgSiO 3 and Fe 2 O 3 , they postulated that Fe 3+ would decrease the transition pressure in mantle silicate PPv, which was supported by a later first-principles study (2005) proposed that the Pv + PPv mixed-phase region can be as thick as 150 km in an Al-bearing system. However, other first-principles calculations predicted that the change in pressure is less than 1 GPa in the mantle (Caracas & Cohen 2005a , Stackhouse et al. 2005a ). It should be mentioned that the former first-principles calculations were conducted for Al-bearing PPv, whereas the latter proposals are based on linear interpolation of the results for pure Al 2 O 3 and MgSiO 3 end members.
One of the most important sources of uncertainty over 100 GPa of pressure is the accuracy of the internal pressure scales (Shim et al. 2001 , Dewaele et al. 2004 , Fei et al. 2004 , Shim 2005 . Most pressure scales have been calibrated using a shock wave technique that provides direct pressure measurements. However, the thermal effect during shock events is difficult to separate (Vassiliou & Ahrens 1981) . Elasticity measurements can also provide absolute pressures (Zha et al. 2000) . However, this method has yet to be applied for extreme high pressures and temperatures. Both nonhydrostatic (Akahama & Kawamura 2004 ) and quasi-hydrostatic (Dewaele et al. 2004 ) measurements indicate that gold and platinum, the two most popular pressure standards, can differ by as much as 10-20 GPa at pressures over 100 GPa at 300 K (Shim 2005) . The discrepancy at high temperature is still unknown at pressures over 100 GPa. Therefore, one must be cautious when comparing the results tied to different pressure scales.
Some X-ray studies (Shim et al. 2004 , Mao et al. 2005 , Shieh et al. 2006 ) have shown that the PPv transition is sluggish. It appears that complete transformation from Pv to pure PPv is quite difficult to achieve below 2500 K in the laser-heated DAC, although complete transformation to PPv has been reported from the gel, glass, and pressure amorphized phases , Oganov & Ono 2004 . Because of the sluggishness of the transition, studies have often used growth and reduction in the diffraction peak intensity for the criteria. The data points for the PPv stability in some studies still represent a PPv + Pv mixture, not pure PPv. It is important to note that many other factors can affect the diffraction intensity, including crystal growth, preferred orientation, and recrystallization. Furthermore, a binary system has a finite pressure range for a phase transition in which both low-and high-pressure phases coexist (a two-phase region). Therefore, the former observation of the mixedphase assemblage may indicate that the pressure and temperature conditions are still in a two-phase region. More reliable determination is possible using the complete disappearance of either phase, and both forward (Pv → PPv) and reverse (PPv → Pv) transition paths.
As mentioned above, in the laser-heated DAC, lack of thermal insulation can result in large gradients in pressure as well as temperature. However, many of these measurements were conducted without a thermal insulation medium and/or pressuretransmitting medium. Therefore, the observation of incomplete transformation can be also caused by large gradients in pressure and temperature.
There is some uncertainty as to the depth constrained by first-principles methods. Calculations for experimentally well-characterized phase boundaries, such as postilmenite (Wentzcovitch et al. 2004 ) and postspinel (Yu et al. 2007 ) transitions, have demonstrated that results can differ by 6-12 GPa depending on the approximation used: local density approximation or generalized gradient approximation.
One must be careful when applying the width of the two-phase region determined for simple binary systems to Earth's mantle. A fundamental difference is that the mantle rocks contain multiple phases. As demonstrated for the olivine-wadsleyite phase boundary , element partitioning among different phases, including the phases not directly involved in the transition, can change the width significantly.
The partitioning of Fe among Pv, PPv, and Fp is controversial: Murakami et al. (2005) proposed that Fe preferentially enters Pv in a pyrolitic composition, whereas Kobayashi et al. (2005) suggested the opposite for an olivine composition, although both studies are in agreement in that the amount of FeO is much higher in coexisting Fp. First-principles calculations by Stackhouse et al. (2006b) suggested that FeSiO 3 preferentially enters PPv compared with Pv, which is also consistent with the large solubility of Fe discussed in Section 4. Although the solubility of Fe in CaSiO 3 -Pv may be limited (Kim et al. 1991) , it can store much Al (Kurashina et al. 2004) , whereas the partitioning of Al would be limited in Fp. However, the partitioning of Al among MgSiO 3 -Pv, MgSiO 3 -PPv, and CaSiO 3 -Pv is not well constrained.
The Clapeyron Slope
Recent seismology studies (Lay et al. 2006 , van der Hilst et al. 2007 ) have shown that the Clapeyron slope of the PPv transition may provide constraints for the temperature profile of the lowermost mantle. Hernlund et al. (2005) pointed out that because the Clapeyron slope of the PPv transition is comparable to the expected radial temperature gradient at the CMB, the PPv boundary may intercept the temperature profile twice at colder regions of the mantle: Pv → PPv at a shallower depth and PPv → Pv at a deeper depth. This provides two separate temperature measurements at the different depths, which then can be used for the calculation of the temperature gradient. Another parameter that can be constrained from this is the heat flux out of the core (Lay et al. 2006 , van der Hilst et al. 2007 ). Furthermore, the sign and magnitude of the boundary slope have a profound effect on mantle dynamics as best demonstrated for the postspinel transition at 660-km depth (Tackley et al. 1993) .
Before the discovery of the PPv transition, Sidorin et al. (1999) refined the tomographic models by including a global seismic discontinuity at the lowermost mantle and found that the inclusion of a phase boundary with a positive Clapeyron slope better reproduces regional seismologic observations. The predicted slope was +6 MPa K −1 , which is larger than the slopes of any known phase boundaries in magnesium silicates in the upper mantle ( Table 1) .
The estimated slope from first-principles studies [+7 ∼ 10 MPa K −1 (Iitaka et al. 2004 , Oganov & Ono 2004 , Tsuchiya et al. 2004b ] is consistent with the seismic prediction (Sidorin et al. 1999) . Using the platinum scale (Holmes et al. 1989 ), suggested that the Clapeyron slope is +7 MPa K −1 for pure MgSiO 3 . Hirose et al. (2006a) found that the Clapeyron slope as well as the transition pressure is highly sensitive to the pressure scale used: The gold scale (Tsuchiya 2003) yields +4.7 MPa K −1 , whereas the MgO scale (Speziale et al. 2001 ) yields +11.5 MPa K −1 . The sign of the Clapeyron slope of a phase boundary is strongly influenced by the differences in crystal structure between lower and higher pressure (or temperature) Iitaka et al. 2004 , Oganov & Ono 2004 , Tsuchiya et al. 2004b phases. From the Clausious-Clapeyron relation,
where S tr and V tr are the changes in entropy and volume across a phase transition, respectively. It can be easily inferred that the positive Clapeyron slope of a highpressure transition, which is accompanied with a volume decrease V tr = (-), is associated with an entropy decrease S tr = (-). Navrotsky (1980) predicted that the mantle transitions at pressures higher than 15 GPa may have negative Clapeyron slopes in general. Her prediction is based on the assumption that high-pressure mantle transitions are associated with a coordination number increase in small cations, such as Si, which results in the low-frequency vibration of the small cations in the large sites with a high coordination number and increased bond distances with anions. Therefore, entropy increases after the phase transition, which would make the Clapeyron slope negative. This explains the negative Clapeyron slope of the postspinel transition.
From this prediction, the strong positive slope of the PPv transition is rather surprising. However, as discussed above, there is essentially no increase in coordination number of Mg and Si across the PPv transition. An important change in the PPv transition, however, is the formation of the edge-sharing linkage among the SiO 6 octahedra (Figure 3) .
A Raman spectroscopy study of MgGeO 3 has shown that the vibrational modes of PPv are extended to much higher frequency than Pv ). In their entropy calculation using Kieffer's (1979) approximation, the existence of the highfrequency modes in PPv lowers the entropy across the PPv transition. They attributed the extended-mode frequencies in PPv to more restricted motions of edge-sharing oxygen atoms, whereas in Pv all oxygen atoms link octahedra by corners, which makes the vibration of oxygen atoms less restricted.
The Raman mode frequencies have also been calculated for MgSiO 3 -PPv using density functional theory (Caracas & Cohen 2006 , Ono et al. 2006b ). These predicted values are significantly different from the measurements for MgGeO 3 ) even if one considers the difference in the octahedrally coordinated cations. First-principles calculations have successfully predicted Raman mode frequencies within ν = ±20 cm (Noel et al. 2006) . However, the two existing first-principles predictions for PPv are not consistent with each other for the Raman mode frequencies. Nevertheless, the Raman observation is in qualitative agreement with the predicted phonon density of states from first-principles in that more density of states exists in PPv at higher frequencies than Pv.
The effects of Fe and Al on the slope have not been investigated. Studies of chemically complex systems (Murakami et al. 2005 have suggested that no significant change is found for the sign and the magnitude of the slope.
The large positive slope of the PPv transition coupled with the temperature gradient can result in intriguing structures at the lowermost mantle. As shown in Figure 5a because of the positive Clapeyron slope, the transition occurs at a deeper depth in warmer regions of the mantle. It is possible that the geotherm does not even intersect the PPv boundary at hot mantle regions (Figure 5a,c) . If so, the PPv transition might not occur globally but rather locally at colder regions. It is not clear whether the D discontinuity is a global feature because of the existence of areas with seismic signals below noise level .
Recent seismic studies have confirmed the existence of lens-shaped structures likely resulting from the double crossing (Lay et al. 2006 , van der Hilst et al. 2007 ). This type of structure would exist more likely in the colder regions of the mantle in which the PPv transition and mantle geotherm are very close (Figure 5c) . van der Hilst et al. (2007) observed structures that can be related to the double crossing at regions with the possible existence of cold subducted materials.
However, variations in chemical composition introduce some complications into this simple picture. Provided that Fe decreases the transition depth as suggested by Mao et al. (2004) , the PPv boundary would be elevated at Fe-rich regions (Figure 5b) .
Depending on the magnitude of the effect, Fe enrichment can make Pv transform to PPv even at regions with sufficiently high temperature at which the PPv transition would not occur otherwise (Figure 5b) . The opposite effect is expected for Al, provided that Al increases the depth of PPv transition as suggested by Tateno et al. (2005) . However, the compositional effect might be smaller in the mantle because of the partitioning among MgSiO 3 -Pv, MgSiO 3 -PPv, Fp, and CaSiO 3 -Pv.
Some mantle simulations (Nakagawa & Tackley 2004 , Matyska & Yuen 2005 ) have shown that the proposed strong positive slope of the PPv transition may promote material exchange across the boundary, resulting in developments of small-scale features instead of stable stationary mantle plumes. This is not consistent with the dominant view for mantle plumes. Therefore, these simulations invoked other factors, such as chemical heterogeneities and radiative heat transfer, to stabilize mantle plumes.
PHYSICAL PROPERTIES
Equation of State and Elasticity
Physical property changes, such as density and seismic velocities, across a seismic discontinuity provide important tests for an isochemical phase-transition model. A 1.5%-3.0% increase in seismic velocities has been documented for the D discontinuity with a smaller increase (or even no increase at some regions) in P wave than S wave ). Furthermore, some tomographic studies (Masters et al. 2000 , Trampert et al. 2004 ) have shown that lateral variations in the bulk sound speed and shear velocity anomalies are anticorrelated at the lower mantle. Also significant reduction in seismic velocities (ultralow velocity zones) has been detected at some regions at the base of the mantle . However, the origin of the velocity reduction is still unclear.
The density and bulk modulus (these allow for calculation of bulk sound speed) have been obtained for PPv by fitting measured pressure-volume relations to equation of state (EOS) ( Table 2) . Two data sets exist for MgSiO 3 -PPv (Ono et al. 2006a , Guignot et al. 2007 (Figure 6) . However, the volume reported by Ono et al. (2006a) is larger than that reported by Guignot et al. (2007) . It is even larger than that of Fe-bearing PPv, if Shieh and colleagues' (2006) fitted EOS is extrapolated, although the larger ionic size of Fe is expected to increase the volume. The bulk modulus is in agreement in these studies, considering the fact that uncertainty in volume (0.5%) is much smaller that that in bulk modulus (2%) in these measurements ( Table 2) .
The volume data for (Fe 0.4 Mg 0.6 )SiO 3 -PPv measured by Mao et al. (2006a,b) have the most dense coverage for a wide pressure range (Figure 6) . The authors found an abnormally high compressibility below 90 GPa, which was attributed to the metastability of PPv. This behavior was also documented in MgGeO 3 -PPv . Therefore, Mao et al. (2006a) used the data points above 100 GPa for the EOS fitting. Their bulk modulus of PPv at CMB pressures is much higher (25%-40%) than the predictions from first principles for MgSiO 3 -PPv (Oganov & Ono 2004 , Tsuchiya et al. 2004b ) and for a hypothetical Fe end member (FeSiO 3 -PPv) (Caracas & Cohen 2005a , Stackhouse et al. 2006b ) ( Table 2 ). The lack of data on Pv with the same composition makes it difficult to infer the physical property changes at the PPv transition from this study. Shieh et al. (2006) measured PPv synthesized from (Fe 0.09 Mg 0.91 )SiO 3 pyroxene in an Ar medium. In this measurement, the coexistence of PPv and Pv due to an incomplete transition allows for a direct comparison of these two phases for a wide pressure range (12-106 GPa). The authors found that the volume and bulk sound speed of PPv decrease by 1.1 ± 0.2% and 2.3 ± 2.1%, respectively, at the PPv transition, which is in agreement with first-principles calculations (Iitaka et al. 2004 , Oganov & Ono 2004 , Tsuchiya et al. 2004a , Wentzcovitch et al. 2006 ( Table 2) .
However, the amounts of Fe in Pv and PPv are not known in the measurements by Shieh et al. (2006) , and based on recent studies (Mao et al. 2004) , it is unlikely Figure 6 The volume of MgSiO 3 -PPv (blue symbols) and (Mg,Fe)SiO 3 -PPv (red symbols). The first-principles results are shown in orange curves. The equation of state of MgSiO 3 -Pv is shown in a gray curve for comparison.
that Fe partitions into Pv and PPv in equal amounts. Also, because of the large gap in the data between 40 and 80 GPa (Figure 6) , it is not clear whether the same metastable behavior observed by Mao et al. (2006a) Caracas & Cohen (2005b) showed that the change does not exceed 5% for both Fe 3+ and Al with mantle concentrations. Constraints on the shear modulus of PPv have been provided mostly by first principles. Existing calculations are in agreement that the shear modulus would increase by 5%-7% across the PPv transition (Iitaka et al. 2004 , Oganov & Ono 2004 , Tsuchiya et al. 2004a , Wentzcovitch et al. 2006 ). Some first-principles studies (Stackhouse et al. 2005a have found that the effect of chemical composition is small for the change in shear modulus.
If the bulk modulus decreases as suggested by Shieh et al. (2006) and the shear modulus increases as suggested by first-principles calculations across the PPv transition, www.annualreviews.org • The Postperovskite Transitionthe lateral variations in the contents of PPv and Pv should result in anticorrelation between bulk sound speed and shear wave velocity anomalies. Furthermore, the decrease in bulk sound speed also can explain a smaller P-wave velocity increase observed at the D discontinuity. However, if Mao and colleagues' (2006a,b) result is used, bulk modulus should increase at the PPv transition, provided that Fe does not have a large effect on the bulk modulus as suggested by some first-principles calculations ( Table 2) . Mao et al. (2006b) obtained some indirect constraints on the shear modulus of PPv by combining data from nuclear resonant inelastic X-ray scattering spectroscopy and X-ray diffraction of (Fe 0.4 Mg 0.6 )SiO 3 -PPv. Their data indicate large reductions in the P-and S-wave velocities by Fe. They further argued that the Fe enrichment in PPv would provide an alternative explanation for the ultralow velocity zones (Mao et al. 2006b ).
This proposal assumes that PPv exists at the bottommost mantle, i.e., where ultralow velocity zones exist. However, if the core temperature is sufficiently high and the existence of PPv is limited to colder regions, Pv may be the dominant phase at hot regions of the lowermost mantle. If the solubility of Fe is also very high in Pv at the lowermost mantle as proposed by Tateno et al. (2007) , it is worthwhile to conduct similar measurements on Fe-rich Pv. Murakami et al. (2007) have conducted Brillouin spectroscopy of powder MgSiO 3 -PPv in its stability field and found that the increase in shear-wave velocity across the boundary would not exceed 0.5%, which is much smaller than the 2%-3% observed for the D discontinuity. As discussed below, PPv develops strong lattice preferred orientation (LPO), which could affect the Brillouin measurements of aggregates. It is also important to investigate the effect of Fe for the shear moduli of Pv and PPv. Tsuchiya et al. (2005b) have investigated the effect of temperature on the EOS of PPv using first-principles calculations. They predicted that thermal expansivity does not change significantly across the PPv transition. Recent high-temperature X-ray diffraction measurements on MgSiO 3 -PPv (Guignot et al. 2007 ) support this result. However, because of their limited pressure-temperature coverage, constraints from first principles were necessary for data interpretation. A recent Raman spectroscopy study on MgGeO 3 -Pv and PPv suggested that the thermal expansivity and Grüneisen parameter decrease by 25% ± 10% across the PPv transition .
The pressure-scale inconsistency problem can introduce systematic uncertainty in the measured compressibility. Moreover, it is difficult to compare the results obtained with different pressure scales. This makes it difficult to use existing data to extract the compositional effect or change across the PPv transition. For example, most studies for Pv used the platinum EOS ( Jamieson et al. 1982 , Holmes et al. 1989 , whereas Ono and colleagues' (2006a) Mg end member PPv EOS is tied to Anderson and colleagues' (1989) gold scale, and Guignot and colleagues' (2007) EOS is tied to Speziale and colleagues' (2001) MgO scale. In addition, some diffraction measurements were conducted in a rigid pressure medium or even no medium. This results in severe pressure gradients and deviatoric stresses in the sample, which introduce systematic uncertainties in the fitted parameters.
Elastic Anisotropy and Lattice Preferred Orientation
Seismologists have observed that the horizontally polarized S-wave (V SH ) arrives earlier than the vertically polarized one (V SV ) beneath the circum-Pacific regions of the D layer, whereas it is the opposite in the central Pacific (Kendall & Silver 1998 , Panning & Romanowicz 2004 . The magnitude of the splitting can be as high as 10 s, which corresponds to approximately 3% of polarizational anisotropy at the D layer ). It appears that the observations can be described by transverse isotropy (Kendall & Silver 1998) . This anisotropy has been associated with the large-scale horizontal shear flow at the CMB (Panning & Romanowicz 2004) . However, it has not been clear whether the LPO or the shape preferred orientation in the D layer is responsible for the observations (Kendall & Silver 1998) . Existing measurements and theoretical calculations indicate that elastic anisotropy of the Pv aggregate cannot explain the D anisotropy (Wentzcovitch et al. 1998 , Cordier et al. 2004 , Stackhouse et al. 2005b .
From the two-dimensional nature of the PPv crystal structure (Figure 3) , investigators have predicted that this structure is elastically more anisotropic than Pv. Some first-principles studies predicted that the PPv structure is most compressible along the b axis (Iitaka et al. 2004 , Tsuchiya et al. 2004b , which is perpendicular to the SiO 6 octahedral layers. From the largest compressibility along the b axis, Iitaka et al. (2004) and Oganov & Ono (2004) inferred that the octahedral layers would align parallel to the horizontal shear flow direction, which is parallel to the CMB. The anisotropy for this alignment was calculated to be 3%-4%, which is comparable to the seismic observations. However, no significant change is found in measurements of the axial ratios with pressure (Shieh et al. 2006) , which indicates that the compressibility of the b axis is not particularly higher than the other axes. Tsuchiya et al. (2004b) have explored other crystallographic orientations and found that the anisotropy is much larger for the alignment of the (001) planes (10%) than that of the (010) plane (2%-3%). Stackhouse et al. (2005b) conducted ab initio molecular dynamics calculations to investigate the effect of temperature on single-crystal elastic constants. They found that temperature has little effect on the single-crystal elastic anisotropy, and the alignment of the (001) planes remains to yield the highest anisotropy (15%) at mantle temperatures. Although alignment of the (010) planes is a still viable explanation, this would require a higher degree of preferred orientation for the seismically observed anisotropy (Stackhouse et al. 2005b ). In contrast, Wentzcovitch et al. (2006) found that the magnitude of the anisotropy of PPv decreases with temperature and becomes similar to that of Pv using a first-principles calculation with the quasi-harmonic approximation.
For the D anisotropy, it is also important to know the dominant slip systems in PPv. have identified polytypes with energy intermediate between Pv and PPv through first-principles metadynamics. These structures can be derived by stacking faults developing parallel to the (110) plane of PPv. Based on this, the authors predicted that the dominant slip plane would be the (110) plane, and this would require less degree of LPO to explain the D anisotropy. However, a theoretical study with a different approach, the density functional theory with the www.annualreviews.org • The Postperovskite TransitionPeierls-Nabarro model (Carrez et al. 2007) , found that the dominant slip system in PPv is [001](010). These calculations were conducted at static conditions (0 K). Merkel et al. (2006 Merkel et al. ( , 2007 have conducted radial X-ray diffraction measurements for the plastically deformed polycrystalline MgGeO 3 and (Mg,Fe)SiO 3 -PPv in the DAC at their stable pressure conditions. They proposed that the dominant slip plane of PPv would be (100) or (110), which is consistent with Oganov and colleagues' (2005) computer simulations. Merkel et al. (2007) calculated the shear wave splitting of transversely isotropic aggregate using their LPO observations together with firstprinciples predictions of the single-crystal elastic constants. They found that neither of the two theoretical results (Stackhouse et al. 2005b , Wentzcovitch et al. 2006 provides satisfactory results to explain the D anisotropy. Yamazaki et al. (2006) argued that the strain rates in the DAC are not sufficiently high. Another important point is that the differential stress is quite high in the radial diffraction measurements in the DAC ranging between 4 and 9 GPa (Merkel et al. 2007 ).
CaIrO 3 is isostructural to PPv and stable at ambient conditions. The transmission electron microscopy observation of this material suggested that the dominant slip plane would be the (010) plane (Miyajima et al. 2006 ). This has been confirmed by some recent deformation studies (Yamazaki et al. 2006 , Walte et al. 2007 . Santillán et al. (2006) have studied the PPv phase in Mn 2 O 3 . Because Mn 2 O 3 transforms to the PPv phase at room temperature and high pressure, the authors were able to measure the LPO with and without heating. They found that the LPO changes from (010) to (110) after heating. They argued that many different factors can influence the LPO of the PPv phase in laboratory measurements, such as deviatoric stress, phase transition, and thermal annealing.
Although it has been argued that crystal structure is a more important factor than chemical composition for LPO (Karato 1989) , it is still difficult to rule out the possibility that the compositional difference is responsible for the observed discrepancy among different PPv structured materials. Furthermore, Yamazaki et al. (2006) pointed out that the existence of a mechanically much weaker phase, Fp (Yamazaki & Karato 2002) , together with the PPv can change the LPO of multiphase aggregate significantly.
SUMMARY AND OUTSTANDING ISSUES
For the past three years, remarkable progress has been made on the PPv phase. However, many important properties of PPv are still under debate. Yet rapid developments in computational power and experimental techniques at third-generation synchrotron facilities will help to better understand this important phase at extreme pressure-temperature conditions of the lowermost mantle.
One of the most important questions is whether the existence of PPv is global or local in the lowermost mantle. If the double crossing is ubiquitous or the temperature at the base of the mantle is sufficiently high, Pv can still be the dominant phase at the bottom of the mantle except for colder regions (such as regions with subducting slabs). In other words, the phase that is in direct contact with the core could still be Pv. This can be examined by studying the global distribution of the D discontinuity and the double crossing. Also accurate determination of the transition depth and Clapeyron slope will help resolve this issue.
Some studies indicate that the mixed-phase region (the coexistence of Pv and PPv) can be thick, >100 km, which is not compatible with seismic observations of the D discontinuity. Because the PPv transition occurs only a few hundred kilometers above the CMB, Pv may not transform completely to PPv in the mantle if the two-phase region is indeed very thick (Akber- Knutson et al. 2005) . Some studies indicate that the effects of Fe and Al would compensate for each other and result in a thinner two-phase region (Murakami et al. 2005) . However, more accurate determination of the boundary is necessary. In addition, one of the most important parameters to be determined is the partitioning of Fe and Al among different mantle phases, such as MgSiO 3 -Pv, MgSiO 3 -PPv, Fp, and CaSiO 3 -Pv, which can significantly change the thickness of the mixed-phase region. It is also important to measure the partitioning of radioactive elements and geochemical tracers among the mantle phases at the lowermost mantle.
The large magnitude of the Clapeyron slope of the PPv transition can lead to significant topography of the discontinuity and lateral variations in mineralogy, in response to lateral variations in temperature. However, it is important to realize that lateral variations in chemical composition, such as Fe and Al, can affect the topography and mineralogy as well. It is essential, however, to improve the data on the effects of Fe and Al on the transition pressure and physical properties of PPv to use this as a viable tool to search for chemical heterogeneities.
As pointed out by , the secular cooling of the mantle would result in gradual thickening of the PPv structures at the lowermost mantle. It is even possible that the PPv transition did not exist in the early mantle if the content of Fe is not much higher than the present mantle. If the PPv structures play important roles for the dynamics of the lowermost mantle, it would be important to investigate the influence of this time-dependent change in the thickness of the PPv structures on the mantle dynamics.
Recently it has been shown that the spin state of Fe in Fp and Pv changes at mantle pressures (Badro et al. 2003 (Badro et al. , 2004 . The spin transition may influence important properties, which has been confirmed for Fp (Lin et al. 2005 , Speziale et al. 2005 , Fei et al. 2007 . Possible difference in the spin states of Fe among Pv, PPv, and Fp is particularly interesting because it would affect Fe partitioning among these phases. Also if the spin state influences the optical and transport properties of Fe-bearing phases (Goncharov et al. 2006 ) and the spin state is different in mantle phases, changes in mineralogy would lead to variations in these properties at the lowermost mantle, which will have important dynamic consequences. However, the spin state of Fe in PPv needs to be investigated experimentally, although there exist some theoretical predictions (Stackhouse et al. 2006a, Zhang and .
Intriguingly, PPv can provide explanations for some enigmatic seismic observations, such as anticorrelation between bulk sound speed and shear wave velocity anomalies and seismic anisotropy at the lowermost mantle. However, it is important to know the depth extent of the seismic structures. If indeed they are associated with the PPv transition, their existence should be limited to below the depth of the
